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Al complexes are widely used in a range of polymerization reactions (ROP of cyclic esters and cationic
polymerization of alkenes). Since the discovery in 1978 that an Al porphyrin complex could copolymerize
propylene oxide with carbon dioxide, Al coordination compounds have been studied extensively as cata-
lysts for epoxide-carbon dioxide copolymerizations. The most widely studied catalysts are Al porphyrin
and Al salen derivatives. This is partially due to their ability to act as mechanistic models for more reactive,
paramagnetic Cr catalysts. However, this in depth mechanistic understanding could be employed to
design more active Al catalysts themselves, which would be beneficial given the wide availability of this
metal. Polymerization data (% CO3 linkages, Mn, Mw/Mn and TON) for these complexes are presented
and mechanisms discussed. In most cases, especially those employing square-based pyramidal Al com-
plexes, co-catalysts are required to obtain high levels of carbon dioxide incorporation. However, in some
cases, the use of co-catalysts inhibits the copolymerization reaction. Lewis acidic Al phenolate complexes
have been used as activators in CHO-carbon dioxide copolymerizations to increase TOF and this has
recently led to the development of asymmetric copolymerization reactions. Given the ready availability of
Al, the robustness of many complexes (e.g. use in immortal polymerizations) and opportunity to prepare
block copolymers and other designer materials, Al complexes for copolymerization of carbon dioxide are
surely worth a second look.
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Introduction
Methods that can utilize carbon dioxide to produce chemicals
and materials are of great interest currently, as it is a low cost,
non-toxic, renewable resource.1–4 In particular, interest in
metal-catalysed copolymerization reactions of epoxides with
carbon dioxide has grown tremendously over the past
decade.5–11 Recently, there has been significant interest in
using main group complexes for this and related reactions, as
such compounds contain earth-abundant metals and are often
biocompatible. For example, copolymerization of cyclohexene
oxide (CHO) with carbon dioxide (1 atm) in toluene has been
performed successfully using n-Bu2Mg in the presence of bis-
(α,α-diarylprolinol) ligands and butanol as an additive.12 A
maximum TOF of 43 h−1 was obtained. Kinetics studies
showed a zero-order dependence on carbon dioxide pressure
and a first order dependence on CHO concentration. A bi-
metallic mechanism for the reaction was proposed, however, a
structurally characterized bimetallic model complex was cataly-
tically inactive in the reaction. More recently, Kember and Wil-
liams have reported remarkably active dimagnesium catalysts
containing macrocyclic amine-phenolate ligands for the same
copolymerization reactions and obtained TON of up to 6000
and TOF of 750 h−1.13 Furthermore, they were able to use water
as a chain transfer agent and successfully prepare poly(cyclo-
hexene carbonate) polyols with high selectivity. Historically
however, of the main group metals, aluminium complexes
have played an important role in the development of copoly-
merization reactions of carbon dioxide and should be investi-
gated further. Importantly, aluminium complexes are known
to catalyse a wide range of other polymerization reactions
including ring-opening polymerization (ROP) of cyclic
esters14–26 and trimethylene carbonate,18,27,28 and cationic
polymerization of alkenes (incl. isoprene, benzofuran and sty-
renes).22,29 Of particular relevance to research efforts towards
copolymerization of epoxides with carbon dioxide are the
range of aluminium complexes that are known to facilitate
ROP of epoxides i.e. homopolymerization reactions.29–32 This
means aluminium-based systems for terpolymerization and
other multi-monomer polymerizations utilizing carbon
dioxide could potentially be developed. Such designer poly-
mers could be of high-value and offer a way to circumvent the
costs of the relatively expensive epoxide monomers used in
most copolymerizations that use carbon dioxide. Herein, we
present a summary of results to date concerned with copoly-
merizations of carbon dioxide by Al complexes. It should be
noted that reactions yielding predominantly cyclic carbonates
will not be discussed unless they are particularly pertinent to
the discussion of the polymerizations presented. For reactions
yielding cyclic carbonates, readers are advised to read a recent
review of that field.33
Porphyrin complexes
The copolymerization of propylene oxide (PO) with carbon
dioxide using an Al porphyrin complex (Fig. 1) was first com-
municated in 1978 by Takeda and Inoue.34 Reactions required
a long time to achieve completion (19 days) and 40% carbon-
ate linkages were found within the poly(propylene carbonate)
produced (Mn = 3900 g mol
−1; Mw/Mn = 1.15).
Further studies by this group showed that (tetraphenylpor-
phinato)aluminium chloride ((TPP)AlCl) was an effective cata-
lyst for living ROP of PO and other epoxides. This led to the
use of such species in the preparation of polyether-polycarbo-
nate block copolymers (Mn = 5100–9000 g mol
−1, Mw/Mn =
1.10–1.22) and polycarbonates (Tables 1 and 2).35,36 Due to the
living nature of the polymerization, the molecular weight of
the copolymer could be controlled by adjusting the mole ratio
of epoxide to Al. They also showed that polyester-polycarbonate
block copolymers could be prepared via initiation using a
living poly(pthalic anhydride)-polyether block using (TPP)AlCl
with EtPh3PBr as a co-catalyst (Fig. 2). In the presence of a co-
catalyst, twice as many living polymer chains were detected
compared with using (TPP)AlCl alone and therefore, a bifacial
polymerization mechanism was proposed. It was also noted
that quaternary ammonium or phosphonium salts were
necessary for significant levels of carbon dioxide incorporation
into the copolymers. More recent studies by Chatterjee and
Chisholm have suggested that one chain is growing per Al
centre and that excess co-catalyst can lead to decreases in
selectivity [away from poly(propylene carbonate) towards the
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Fig. 1 Al porphyrin complex used by Takeda and Inoue in 1978 to produce
poly(propylene carbonate).
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cyclic product].37 Further details are discussed below.
However, it should be noted that Inoue and co-workers pro-
posed their mechanism based on the use of Al-living polymer
macroinitiators and different co-catalysts compared with those
studied by Chatterjee and Chisholm.
Interestingly, it should be noted that to date the methoxide
complex shown in Fig. 1 and the related chloride complex,
(TPP)AlCl, have not been structurally characterized, so struc-
tural comparisons with other active Al catalysts cannot be
made. However, one could assume that they contain Al in a
square-based pyramidal environment and therefore, they are
structurally related to many of the highly active (salen)AlCl
species discussed below. However, the activity of these TPP
containing catalysts are poor for PO copolymerizations with
reaction times of 12–40 days and typically low molecular
weight polymers (or oligomers) are produced (Mn 1200–9000),
Table 2.
Ree and co-workers followed up the work of the Inoue
group with an in-depth study of PO-carbon dioxide copolymeri-
zation using (TPP)AlCl or its PO adduct, (TPP)Al(PO)2Cl, with
Table 1 Copolymerization of CHO with carbon dioxide using Al-containing catalystsa
Al species Co-catalyst Conditions
%-CO3
linkages
Mn
(kg mol−1) Mw/Mn
TON, TOF
(h−1)
(TPP)AlCl EtPh3PBr 25 °C, 49 bar, 336 h, CH2Cl2 n.r. 6.20 1.06 100, 0.30
Inoue, 198636
(TPP)AlCl Et4NBr and 0.125 equiv.
Me-Al(2,6-di-tBu-4Me-phenolate)2
60 °C, 40 bar, 9 h, CH2Cl2 97 5.8 1.07 404, 45
Wang, 200841
(TPP)AlCl Et4NBr and 0.125 equiv.
Me-Al(2,6-di-tBu-4Me-phenolate)2
60 °C, 20 bar, 9 h, CH2Cl2 95 5.1 1.07 383, 43
Wang, 200841
(tBu)(NO2)-salenAlCl Bu4NCl 80 °C, 34 bar, 8 h, neat 96 n.r. n.r. 283, 35
Darensbourg, 2005
(tBu)(NO2)-salenAlCl DMAP 80 °C, 34 bar, 8 h, neat 97 n.r. n.r. 222, 28
Darensbourg, 200543
(Salophen)AlMe Et4NOAc 80 °C, 50 bar, 24 h, CH2Cl2 94 Bimodal Bimodal 240, 10
Sugimoto, 200544 18.3 1.10
7.3 1.40
{(ONO)*PhAlMe}2
b Bis-imidazole, Me-Al-
(2,6-di-tBu-4Me-phenolate)2
25 °C, 50 bar, 24 h, toluene 59b 6.00 1.54 94, 3.9
Sugimoto, 201248
(CyO)2AlCl None 60 °C, 83 bar, 24 h, toluene 8.3 4.53 2.62 n.r.
Beckman, 199949
Al(iOPr)3 None 60 °C, 96 bar, 18 h, neat 22 10.4 1.40 ∼4000, 222
Zevaco, 200553
(mdtbp)AlCl None 93 °C, 86 bar, 18 h, toluene 21 8.33 2.30 855, 48
Zevaco, 200654
(dmca)AlCl None 35 °C, 61 bar, 264 h, toluene 18 1.93 n.r. 6.5, 0.6 day−1
Kuran, 199855
{(ON)OtBuMe}2AlCl None 60 °C, 40 bar, 16 h, neat 54 29.0 3.16 335, 21
Kerton, 201220
a Conditions and data as reported in (or calculated from) original paper, n.r. = not reported. b Note: 74% ee. Reaction optimized for ee and not %
carbonate linkages. In reactions with lower asymmetric induction, >99% carbon dioxide incorporation could be obtained.
Table 2 Copolymerization of PO with carbon dioxide using Al-containing catalystsa
Al species Co-catalyst Conditions %-CO3 linkages Mn (kg mol
−1) Mw/Mn TON, TOF (h
−1)
(TPP)AlOMe None 20 °C, 8 bar, 456 h, neat 40 3.90 1.15 84, 4.4 day−1
Inoue, 197834
(TPP)AlCl EtPh3PBr 25 °C, 49 bar, 336 h, CH2Cl2 >99 3.50 1.09 61, 0.18 h
−1
Inoue, 198636
(TPP)Al(PO)2Cl Et4NBr 25 °C, 52 bar, 168 h, CH2Cl2 72 3.30 1.24 166, 0.99 h
−1
Ree, 199938
(TPP)AlCl DMAP 25 °C, 50 bar, 40 h, neat 96 3.0–9.0 1.1–1.4 n.r.
Chisholm, 200439
(TFPP)AlCl PPN+Cl− 25 °C, 50 bar, 48 h, neat 97 Bimodal Bimodal 150, 3.13 h−1b
Chisholm, 201137 41.4, 16.1 1.04, 1.05
(dmca)AlCl None 35 °C, 61 bar, 168 h 5.62 n.r. 19, 2.7 day−1
Kuran, 199855 13
{(C6H5)3CO}2AlOC6H10O
iPr None 40, 82 bar, 24 h 56 2.08 1.64 n.r.
Beckman, 200051
a Conditions and data as reported in (or calculated from) original paper, n.r. = not reported. b Reaction achieved 100% conversion of PO and
therefore, actual TON and TOF values might be higher than those calculated and presented here.
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Et4NBr as a co-catalyst.
38 They also studied the individual com-
ponents of the catalyst system including the free ligand,
TPPH2, which was inactive, and Et4NBr, which produced a low
yield of cyclic propylene carbonate. In the absence of the
co-catalytic quaternary salt, (TPP)AlCl and (TPP)Al(PO)2Cl
afforded oligomeric products (Mn 3000–3600) with a high per-
centage of ether linkages (76–80%). In the presence of Et4NBr,
the Al catalysts produced oligomeric products (Mn 1900–3300)
with a high percentage of carbonate linkages (70–75%).
These results demonstrated that the quaternary salt plays an
important role in reducing the amount of ether linkages in the
copolymer product.
More recently, Chisholm and Zhou performed elegant NMR
studies to ascertain the preliminary steps in such copolymeri-
zation reactions using (TPP)AlCl and proposed a suitable reac-
tion mechanism, Fig. 3.39 Reaction of (TPP)AlCl with PO in
CDCl3 forms the two regioisomers AlOCHMeCH2Cl and (TPP)
AlOCH2CHMeCl in a ratio of 9 : 1. Kinetic studies showed the
ring-opening of PO by (TPP)AlX complexes (X = Cl or OR) is
first-order with respect to [Al] and DMAP (4-dimethylaminopyr-
idine) was found to significantly enhance the rate of ring-
opening. The binding of the neutral co-catalyst DMAP to
potential copolymerization intermediates was found to follow
the order O2CR > O2COR ≫ OR, which is approximately the
inverse order of the basicity of the oxygen donor ligands.
Carbon dioxide reacts reversibly with (TPP)AlOR species and
the extent of reaction is dependent on the concentration of the
gas. Chisholm and Zhou showed that this equilibrium shifts
dramatically to the right (towards Al-carbonate formation) in
the presence of DMAP, Fig. 3, k1 > k−1. They also noted that
upon removal of CO2 pressure and solvent, the alkoxide (TPP)
AlOR reformed and that the insertion/deinsertion reaction was
kinetically rapid compared with PO ring-opening, Fig. 3. The
amount of carbonate linkages within the PPC product is also
dramatically affected by the presence of DMAP in the reaction
mixture and MS data for the polymer showed that a strictly
alternating copolymerization can be achieved (100% carbonate
linkages) in the presence of 1 equiv. DMAP. They concluded
that the co-catalyst plays a number of roles in these reactions
including: (1) Increasing the equilibrium concentration of the
alkylcarbonate-Al species at the expense of the alkoxide-Al
groups, and (2) increasing the rate of ring-opening of PO by
the alkylcarbonate nucleophile relative to the alkoxide group,
thus leading to alternating copolymerization of PO and carbon
dioxide over production of polyether segments (i.e. cycle A in
the proposed mechanism, Fig. 3, is shut down). Ultimately,
this understanding could lead to the design of better catalyst
systems for PPC synthesis and higher levels of carbon dioxide
incorporation. However, it should be noted that for some
purposes, polymers with a lower level of carbonate linkages
may also be desirable and therefore, these data will also be
useful in obtaining ‘designer’ polymers with dialed in levels of
carbonate groups relative to ethers.
In 2011, Chatterjee and Chisholm compared the reactivity
of (TPP)AlCl with two related porphyrin systems, (TFPP)AlCl
and (OEP)AlCl, Fig. 4, in order to ascertain ligand effects on
PO-carbon dioxide copolymerizations.37 In the presence of
0.5 equiv. of co-catalyst, the fluorinated compound (TFPP)AlCl
was found to be very active in the copolymerization of PO with
carbon dioxide even at 10 bar pressure, which was due to the
increased Lewis acidity of the Al centre in this species com-
pared with (TPP)AlCl and (OEP)AlCl. Indeed, the binding con-
stant for the azide ion [of bis(triphenylphosphoranylidene)
ammonium azide (PPN+N3
−)] with (TFPP)AlCl determined by
IR spectroscopy was two orders of magnitude greater than with
Fig. 2 Proposed bifacial mechanism for copolymerization using a (TPP)AlCl-
phosphonium or ammonium halide catalyst system.
Fig. 3 Proposed Mechanism for PO-carbon dioxide copolymerization by (TPP)AlX systems in the presence of DMAP.
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the other two related Al catalysts. Mass spectrometric studies
of the resulting polymers from these catalysts led to the con-
clusion that one polymer chain was growing per Al centre.
Interestingly, when (TPP)Al(OEt) was used with ionic co-
catalysts (e.g. PPN+N3
−, PPN+Cl−) for either homopolymeri-
zation or copolymerization of PO, it was shown by IR and MS
that the resulting polymers contained no end groups resulting
from incorporation of the co-catalytic nucleophile (i.e. no
azide or chloride incorporation). Chisholm and Chatterjee also
concluded that the epoxide and growing polymer chain (alkyl-
carbonate group) were bound to the same face of the Al(por-
phyrin) species. These elegant studies were only possible due
to advances in mass spectrometric and other techniques since
the initial discovery of these catalysts in the late 70s, and
provide strong evidence against a bifacial mechanism for PO-
carbon dioxide copolymerization using Al-porphyrin contain-
ing catalysts. It should be noted that mechanisms are strongly
dependent on a number of factors (especially ligand and
monomer) and therefore, these conclusions do not exclude
bifacial mechanisms for other monomers or other catalyst
systems. Chisholm and Chatterjee also determined that in the
presence of carbon dioxide, the polycarbonate chains bound
to the Al centre do not degrade to form cyclic propylene car-
bonate (PC). However, when the carbon dioxide was vented
(removed), the poly(propylenecarbonate) did degrade to PC.
Therefore, as they had already shown that alkyl-carbonate–Al
bonds readily deinsert carbon dioxide (in the absence of the
gas), 39 they showed that the backbiting reaction to form PC
proceeds via an alkoxide–Al bond. It should also be noted that
interesting gas-phase studies concerned with the coordination
of PO with LAl+ cations have been reported by Chen, Chisholm
and co-workers.40 Using data from electrospray tandem mass
spectrometry, binding of PO to (TPP)Al+ ions was determined
to be stronger than to (salen)M+ ions, which is likely due to
the better donor properties of salen relative to TPP.
As has been discussed above, a co-catalyst is essential for
enabling high levels of carbon dioxide incorporation into
copolymers prepared using (TPP)AlCl. Recently, the Wang
research group has shown that the presence of a bulky Lewis
acid [e.g. methylaluminium bis(2,6-di-tert-butyl-4-methyl-
phenolate)] can have a further beneficial effect on the outcome
of CHO-carbon dioxide copolymerization reactions.41 A
maximum TOF of 44.9 h−1 could be achieved compared with
36.1 h−1 for the same reaction with no additional Lewis acid.
The authors propose that the enhanced reaction rate is due to
activation of the incoming CHO monomer by the added Lewis
acid prior to ring-opening at the (TPP)Al-alkylcarbonate reac-
tive site. A similar Lewis acid acceleration effect had previously
been observed by Inoue and co-workers for the homopolymeri-
zation of epoxides.42 Of particular note in the copolymeriza-
tion studies was very little dependence on reaction rate with
varying carbon dioxide pressure,41 this implies that such
approaches may be useful in preparing catalyst systems for
copolymerization using Al at carbon dioxide pressures close to
ambient. At present, moderately high pressures are needed for
these reactions (Tables 1 and 2) compared with state of the art
systems employing other metal centres.
Schiff base complexes
In 2005, Darensbourg and Billodeaux studied an array of Al
complexes for copolymerization of CHO with carbon dioxide,
where the backbone of the ligand was varied alongside the
3- and 5-positions on the phenolate rings.43 Several of the com-
pounds were structurally characterized and all contained Al in
a square-based pyramidal environment as expected. The most
active of the Al-salen complexes reported in this study con-
tained nitro groups in the 5-position and t-butyl groups in the
3-position, Fig. 5(a). As in previously reported salen systems, it
is thought that the nitro groups serve to increase the electro-
philicity of the metal centre whereas the t-butyl groups are
required to increase solubility of the catalyst in solvent (or
CHO). Interestingly, replacement of the ethylenediimine back-
bone with 1,2-phenylenediimine led to a dramatic decrease in
catalytic activity. However, no obvious trends could be corre-
lated between ligand variations and also changes in co-catalyst.
Typically for a particular catalyst in combination with an ionic
Fig. 4 Structure of (TFPP)AlCl (left) and (OEP)AlCl (right) studied by Chisholm
and Chatterjee for copolymerization of PO with carbon dioxide.
Fig. 5 (a) ‘Most active’ complex, (tBu)(NO2)-salenAlCl, from Darensbourg study in 2005, (b) ‘Most active’ complex, (Salophen)AlMe, from Sugimoto study in 2005
(c) Chiral Al2 β-ketoiminate complex, {(ONO)*PhAlMe}2, from Sugimoto study in 2012.
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co-catalyst variations in TOF of ±5 h−1 were observed and the
optimum co-catalyst for each Al species had to be discovered
on a trial and error basis. However, a trend was noticed
for copolymerization reactions using neutral co-catalysts
(e.g. DMAP). Higher TOF were achieved with a more strongly
coordinating (more Lewis basic) co-catalyst. Furthermore, the
degree of carbon dioxide incorporation was found to increase
with the Lewis basicity of the co-catalyst. For example, (tBu)-
(NO2)-salenAlCl with DMAP achieved 28 h
−1 TOF and 97% CO2
incorporation, whilst with pyridine 8 h−1 TOF and 61% CO2
incorporation was obtained. Such data give some insight into
the reaction mechanism for Al-salen catalyzed copolymeriza-
tion reactions. Namely, the carbon dioxide insertion process is
significantly accelerated in the presence of a strongly electron
donating ligand trans to the growing polymer chain, which is
in complete agreement with the mechanism proposed by
Chisholm and Zhou for the copolymerization of PO with
carbon dioxide catalyzed by (TPP)AlCl described above.39
Furthermore, backbiting reactions and formation of cyclic
cyclohexene carbonate are prevented by the presence of this
Lewis base. Unfortunately, no polymer molecular weight data
or polymer end-group analyses were reported in this paper and
therefore, conclusions regarding potential differences in
termination and chain transfer processes cannot be made.
A detailed study on the selectivity in copolymerizations of
CHO with carbon dioxide (polymer vs. cyclic) has been
reported by Sugimoto and co-workers.44 In this work, eight Al
Schiff base complexes and a range of co-catalysts and reaction
conditions were screened. The optimum co-catalyst in terms of
polymer yields, control of polymerization (Mn and Mw/Mn),
selectivity and % carbonate linkages was Et4NOAc. The
most active Al complex, (Salophen)AlMe, Fig. 5(b), contained a
tetradentate salen type ligand with no substituents on the
phenolate rings and a phenylene backbone. A related bidentate
ligand complex, (NO)2AlCH3, was significantly less active (28%
yield cf. 98% with (Salophen)AlMe) and was far less selective
towards copolymerization (35% polymer cf. >95% with
(Salophen)AlMe). This possibly indicates that a tetradentate
ligand, which enforces a square-based pyramidal structure
around the Al centre, is preferable to two bidentate ligands,
which allow greater flexibility in the coordination environment
about the Al centre. In addition to molecular weight data
obtained via GPC, the resulting polycarbonate polymers were
also characterized by MALDI-TOF MS. Surprisingly, Cl-termi-
nated polymers were observed. As no chloride was present in
the catalyst or co-catalyst, further studies were required to
ascertain its origin. Control reactions analysed by 1H NMR and
GC showed that NEt4Cl and methylene diacetate could form
via reaction of NEt4OAc with the solvent CH2Cl2 under reflux
conditions. From MALDI-TOF MS and GPC data of polymers
prepared in toluene (no Cl present), the authors found that
two types of polymer chain existed within the product. Some
chains had the expected end groups but bis-hydroxy termi-
nated polymers were also observed and therefore, chain trans-
fer from the presence of adventitious water was occurring.
Mechanistically, a bifacial mechanism is proposed on the
basis of the polymer end-groups. However, further kinetic
studies are required to prove this definitively.
It should be noted that the conditions of the reaction
(temperature, pressure, concentration, solvent, co-catalyst) and
the epoxide used have a profound effect on the outcome of
these reactions.33,43,45,46 Namely, Al-salen complexes typically
afford PC from PO and carbon dioxide but produce alternating
copolymers from carbon dioxide and CHO (with negligible to
∼7% yield of cyclic carbonate by-products). This is in agree-
ment with thermodynamic studies on such processes, as cyclic
carbonate formation does not compete as significantly with
chain growth for CHO copolymerizations compared with reac-
tions involving PO.47 A detailed computational study has been
reported by Luinstra, Reiger and co-workers on MIII-salen com-
plexes in the reactions of PO with carbon dioxide.46 In the
theoretical and experimental study, Al-salen species exclusively
formed PC and not PPC whereas Cr-salen complexes could
form PPC exclusively but typically gave a mixture of products
dependent on the ligand, co-catalyst and reaction conditions.
In this study, activation of the incoming epoxide group by a
metal complex (not bearing the growing polymer chain) was
proposed to play an important role in the polymerization
process. This observation is similar to Lewis acid co-catalysed
ROP of epoxides and copolymerizations catalysed by (TPP)AlCl
and discussed above.41,42 In studies aimed at structurally char-
acterizing potential Al(salen) intermediates in the copolymeri-
zation process,40 Chisholm and co-workers were able to obtain
X-ray diffraction data on a ring-opened PO product: (R,R-salen)-
AlOCHMe(S)CH2Cl, Fig. 6. This compound was crystallized
in neat S-PO and the Al centre remained 5-coordinate. The
structural characterization of this product and a related
5-coordinate Al(salen) acetate complex (obtained from pyridine
solution) perhaps imply that 6-coordinate Al(salen) species do
not exist as intermediates in the reactions of epoxides with
carbon dioxide and may lend weight to epoxide activation by a
second metal centre during the reaction process. Of course,
further studies would be needed to confirm this possibility.
Of particular note with regard to Al-Schiff base and related
catalyst systems are recent results reported by Sugimoto and
Fig. 6 Structure of (R,R-salen)AlOCHMe(S)CH2Cl.
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co-workers where they employed a dual catalyst approach to
achieve asymmetric copolymerizations of CHO with carbon
dioxide.48 Using (Salophen)AlMe (discussed above) relatively
low amounts of asymmetric induction were achieved, however,
bimetallic aluminium β-ketoiminate complexes could be used,
Fig. 5(c) and very good stereoselectivity was obtained. As the
bimetallic complexes catalyzed this reaction well, bidentate
Lewis bases were used as co-catalysts as they could simul-
taneously coordinate with both Al centres within the catalyst.
In order to increase reaction rates and allow reaction tempera-
tures to be reduced, which would enhance stereoselectivity,
Lewis acid co-catalysts (Me-Al(2,6-di-tBu-4-Me-phenolate)2)
were employed. These exciting results using a 3-component
catalyst system will likely lead to further developments in this
field in the future.
Other phenolate and alkoxide complexes
Sârbu and Beckman studied the reactivity of a series of Al alk-
oxide and phenoxide complexes for ROP of epoxides and co-
polymerization reactions with carbon dioxide.49–51 In ROP of
CHO, alcohols could be employed as chain transfer agents
with no loss in catalytic activity,50 and it was subsequently
shown that iPrOH could be used as a chain transfer agent in
the copolymerization of PO with carbon dioxide.51 The most
active of the alkoxide complexes studied in the copolymeriza-
tion of CHO with carbon dioxide, (CyO)2AlCl, produced 340 g
of polymer per gram Al in a 24 h period,49 and for the copoly-
merization of PO with carbon dioxide, {(C6H5)3CO}2-
AlOC6H10O
iPr, produced 95 g polymer per gram Al in a 24 h
period.51 They employed 27Al NMR to look at the structure of
catalysts in solution (in the absence of carbon dioxide) and
observed 5- and 6-coordinate species.50 Due to the broad
nature of 27Al signals (I = 5/2),52 it should be noted that there
is no way to determine whether aggregated (dimetallic, tri-
metallic etc.) Al complexes are present in solution from this
data alone. Therefore, further computational and experimental
studies (e.g. kinetic data, MS data/end group analysis of
polymer chains) would be needed to confirm the exact reaction
mechanism for these complexes where more than one chain
could grow at a particular Al centre. More recently, this
research has been followed up by Zevaco, Dinjus and co-
workers. They showed that commercially available aluminium
tris(isopropoxide) could catalyze the copolymerization of CHO
and carbon dioxide leading to a polymer with a 1 : 3 ratio of
carbonate : ether linkages.53 However, it should be noted that,
in order to achieve a high degree of carbon dioxide insertion, a
relatively high pressure (100 bar) was required. The group per-
formed extensive in situ 27Al NMR studies on reaction mixtures
and concluded that the original tetrameric aluminium tris-
(isopropoxide) complex quickly breaks down to yield highly
reactive 4-coordinate Al species, which undergo insertion reac-
tions at all Al–OR bonds. Ultimately, as the reaction proceeds,
the Al4 complex breaks down to yield monometallic species,
which are stabilized by intramolecular coordination of a car-
bonate group within the growing polymer chains. This results
in the formation of a mixture of 4-, 5-, and 6-coordinate Al
species within the reaction mixture. TOF for this system was
very high, as up to 3 polymer chains could be growing per Al
centre. This research group also studied the reactivity of
several Al complexes bearing chelating bis(phenoxide) ligands
and either labile ethyl or chloro ligands, Fig. 7(a).54 The chloro
complexes were generally more reactive than the ethyl contain-
ing species, as they yielded more polymer and that polymer
contained a higher degree of carbonate linkages. Unfortu-
nately, these relatively simple coordination complexes required
high temperatures and pressures for reaction. This group also
studied the effect of a range of commonly used co-catalysts
(e.g. PPN+Cl−) on this reaction alongside their Al complexes
but found that either selectivity switched to yield moderate
quantities of cyclic cyclohexene carbonate or the system shut
down altogether and no product was obtained. This contrasts
significantly with Al-salen systems discussed above and may
be due to the difference in structure between such complexes.
The Al-salen catalysts contain Al in a square-based pyramidal
environment whereas the bis(phenoxide) species contain Al in
a tetrahedral environment, which might inhibit the involve-
ment of the co-catalyst in the reaction mechanism, i.e. the con-
strained geometry enforced by the chelating bis(phenoxide)
Fig. 7 Phenolate containing Al-chloride complexes active in copolymerization of CHO with carbon dioxide.
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ligand does not allow the groups bound to Al to rearrange and
allow the co-catalyst to coordinate trans to the nucleophilic
(Cl or Et) group.
In 1998, Kuran and co-workers described the reactivity of
an Al calixarene complex, Fig. 7(b), in ROP of PO and CHO,
and also in copolymerizations with carbon dioxide.55 Low
levels of carbon dioxide incorporation were observed and long
reaction times were required. For the ROP reaction of PO, a
bimetallic mechanism was proposed and therefore, a bimetal-
lic process might also be operative in the copolymerization
reactions. Structurally, (dmca)AlCl contains Al in a distorted
trigonal bipyramidal environment, however, data were of low
quality and therefore, accurate bond lengths and angles could
not be determined.56 Recently, we have reported an amine-
phenolate Al complex that is active for copolymerization of
CHO with carbon dioxide, Fig. 7(c).20 Similarly to Zevaco and
co-workers, we found that the reactivity of this catalyst shut
down and neither polymer nor cyclic carbonate formed in the
presence of the commonly used co-catalyst PPN+Cl−. This cata-
lyst shows promise for further optimization as moderate levels
of carbon dioxide incorporation were achieved (higher than
the other phenolate complexes discussed in this section), a
relatively high molecular weight polymer obtained (it is
the highest value reported in Table 1) and TON values are com-
parable with many of the other Al-catalyst systems reported to
date (Table 1). However, the polydispersity of the polymer
is broad and further development of this system including
reaction optimization, mechanistic studies and characteri-
zation of the polymer (e.g. end group analyses) are needed.
It should be noted that this complex is also active for ROP of
ε-caprolactone, which suggests terpolymerization to yield a
polyester-carbonate block terpolymer might be possible.
Conclusion
In summary, due to the diamagnetic nature of Al complexes,
porphyrin and salen derivatives of this metal have been
studied extensively for copolymerization reactions of epoxides
with carbon dioxide. TOF are significantly less than state of
the art catalysts containing Cr or Mg. However, the ability of Al
complexes to polymerize a wide range of monomers and their
ability to perform chain transfer reactions and immortal poly-
merizations means that there is significant scope for produ-
cing tailor-made polymers using Al catalysts. Very exciting
results concerned with asymmetric copolymerization of CHO
with carbon dioxide have been reported in the past year.48
Such results were only possible by building on the mechanistic
understanding for these reactions, which has been built up
over the past 15 years. There are a wealth of opportunities
available in terms of studying carbon dioxide utilization using
this cheap metal, for example oxetane has been copolymerized
with carbon dioxide using Cr complexes,57 and as far as we are
aware this has not been studied using Al complexes. Further-
more, as described in this perspective, Al can be used as a
Lewis acid ‘activator’ in reactions of epoxides including
copolymerizations with carbon dioxide. Therefore, potentially
di-aluminium complexes could be prepared, which would
allow the Al to play both reactivity roles from within a single
compound (with one Al centre for polymer growth and one for
activation of the incoming monomer). In this regard, hetero-
metallic catalysts containing Al-salen cations and [Co(CO)4]
−
anions have been studied for carbonylation of epoxides (to
yield anyhydrides).58,59 Clearly, there is scope for preparing
other systems for cooperative catalysis employing Al as a metal
centre. In addition to Al, other heavier p-block metals have
recently found use in carbon dioxide utilization.60,61 A
terphenyl indium complex has been reported to undergo reac-
tions with ethylene glycol and carbon dioxide.60 Unfortunately,
efforts to liberate the ethylene carbonate product were not suc-
cessful but further studies aimed at such goals are worthwhile.
An air-stable sulfur bridged organobismuth complex has been
studied and found to be active for cyclic carbonate formation
from a range of epoxides and carbon dioxide.61 Just as s-block
metals have demonstrated excellent activity in recent years for
copolymerizations of epoxides with carbon dioxide, perhaps it
is time to give Al another look.
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